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(54) Blended missile autopilot 

(57) Blended missile autopilots (20) for a missile 
(11) employing direct lift and tail controlled autopilots 
(22, 21) coupled by way of a blending filter (24). The 
blended missile autopilots (20) have movable tails (13) 
aft of the center of gravity of the missile (1 1) and side 
force thrusters (15) or movable canards (14) mounted 
fonward of the center of gravity, and that are controlled 
using the direct lift and tail-controlled autopilots (22, 21). 
Lift is generated from the tails (1 3) and side force is gen- 



erated by the thrusters (15) or canards (14), such that 
the body of the missile (11) maintains zero angle of 
attack and generates no lift. The present invention thus 
combines the fast response of a direct lift autopilot (22) 
with the high acceleration capability of a body lift autopi- 
lot (21). and blends the two using the blending filter (24) 
to achieve improved performance. 
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Description 
BACKGROUND 

5 The present invention relates generally to missile autopilots, and more particularly, to blended missile autopilots 
comprising a direct lift missile autopilot employing canards or side thrusters and a tail-controlled autopilot. 

A tactical missile accelerates normal to its velocity vector in order to maneuver and hit an intended target. Guidance 
algorithms are used to determine the desired acceleration. An autopilot is then commanded to deliver that acceleration. 
The term autopilot refers to software and hardware dedicated to delivering the missile acceleration commanded by the 

10 guidance algorithms. 

The objective of autopilot design is to deliver commanded acceleration as accurately and quickly as possible. 
Acceleration can be generated aerodynamically via lift, or less commonly, via thrusters oriented normal to the missile 
longitudinal axis. Aerodynamic autopilots fall into four basic categories. These include tail controlled autopilots, autopi- 
lots having fixed tails with movable wing surfaces, canard controlled autopilots, and autopilots having a combination of 
15 movable tails and canards. 

Tail controlled autopilots have movable control surfaces (tails) located at the aft end of the body of the missile, aft 
of the center of gravity. The tails are used to generate pitching moments. As the body is pitched, the resulting angle of 
attack generates body lift, providing the desired acceleration. Fixed wings may be used fonvard of the tails for improved 
lifting capabilities. 

20 In an autopilot having fixed tails with movable wings, the wings are located near the missile center of gravity. The 
wings are pitched to directly generate lift, while the body remains at low angles of attack, generating little lift The fixed 
tail surfaces provide pitching moments which tend to restore the body to zero angle-of-attack 

Canard controlled autopilots operate in a manner similar to tail controlled autopilots. The canards are mounted for- 
ward of the center of gravity, and are used to generate pitching moments, and angle-of-attack of the body of the missile. 
25 Fixed wings mounted aft of the canards are used to generate lift. 

With direct lift autopilots employing both movable tails and canards, the pitching moments from fbnward mounted 
canards are balanced against the pitching moments of the aft mounted tails. 

Each autopilot type has distinct advantages. Where high acceleration capability is needed, autopilots employing 
body lift (tail or canard control) are desirable since the body is capable of generating significantly more lift than relatively 
30 small, movable control surfaces, thrusters. or canards. Where very fast response time is required, direct lift autopilots 
are desirable, since the control surfaces or thrusters can generate lift much faster than the body of the missile, and thus 
generate I ift more quickly. 

With regard to other prior art. it is known that several Soviet missile designs employ movable tails and canards, but 
nothing is known about the autopilot designs used therein. 
35 Accordingly. It is an objective of the present invention to provide for improved blended missile autopilots comprising 
a direct lift missile autopilot employing canards or side thrusters and a tail-controlled autopilot. 

SUMMARY OF THE INVENTION 

40 To meet the above and other objectives of the present invention provides for blended missile autopilots that include 
a direct lift missile autopilot having canards or side thrusters coupled to a tall-controlled autopilot. The blended missile 
autopilots employ movable tails aft of the center of gravity of the missile and lateral force generating members compris- 
ing either side force thrusters or movable canards mounted fonfvard of the center of gravity of the missile, and are con- 
trolled using direct lift and tail-controlled autopilots. Lift is generated from the tails and side force is generated by the 

45 thrusters or canards, such that the body of the missile maintains zero angi e of attack and generates no lift. The present 
invention thus combines the fast response of a direct lift autopilot with the high acceleration capability of a body lift auto- 
pilot, and blends the two to achieve improved performance. 

More particularly, the blended missile autopilot comprises a missile having a body that houses a plurality of rotata- 
ble tails aft of its center of gravity and a plurality of actuatable lateral force generating members fboArard of the center of 

50 gravity, and a plurality of controllable actuators coupled to the tails and lateral force generating members. A controller 
is coupled to the plurality of actuators that implements a predetermined transfer function comprising a tail controlled 
autopilot for controlling the tails and a direct lift autopilot for controlling the lateral force generating members. One key 
aspect of the present autopilot is that the direct lift autopilot is coupled to the tail controlled autopilot by means of a 
blending filter. 

55 The present Invention provides tactical missiles with extremely fast autopilot response while preserving high accel- 
eration capability. In one embodiment, fast autopilot response Is achieved using forward mounted thrusters oriented 
normal to the missile longitudinal axis in combination with aft mounted tall control surfaces. In a second embodiment, 
fast autopilot response is achieved using fbnvard mounted aerodynamic control surfaces and actuators in combination 
with the aft mounted tail control surfaces. Because of missile packaging constraints and the desire to minimize weight. 
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thruster propellant supply is limited, and is managed carefully during an engagement, and is optimally reserved for the 
final seconds prior to impact. Consequently, a tail controlled autopilot is employed in the present invention and provides 
control until the thrusters or canards are activated. Using thrusters or canards in the manner of the present invention 
allows the autopilots to be effective at higher altitudes than those that rely on aerodynamic control only. 

5 

BRIEF DESCRIPTION OF THE DRAWINGS 

The various features and advantages of the present invention may be more readily understood with reference to 
the following detailed description taken in conjunction with the accompanying drawings, wherein like reference numer- 
ic als designate like structural elements, and in which: 

Figs, la-lc illustrate conventional autopilot schemes that are useful in understanding the improvements provided 
by the present invention; 

Figs. 1d and 1e illustrate autopilot schemes in accordance with the principles of the present invention; 
IS Fig. 2 shows a first embodiment of a blended direct lift, thruster and tail controlled autopilot in accordance with the 

principles of the present invention corresponding to the embodiment shown in Fig. Id; 

Fig. 3 shows the step response achieved by the conventional tail controlled autopilot of Fig. la; 

Fig. 4 shows the step response achieved by the blended thruster and tail controlled autopilot of Figs. 1d and 2; 

Fig. 5 shows a second embodiment of a blended direct lift, canard and tail controlled autopilot in accordance with 
20 the principles of the present invention corresponding to the embodiment shown in Fig. 1 e; 

Fig. 6 shows a block diagram of an actuator model errployed in the autopilot of Fig. 5 illustrating software position 

and rate llmiters; and 

Fig. 7 shows the step response achieved by the blended thruster and tail controlled autopilot of Figs. 1 e and 5. 
25 DETAILED DESCRIPTION 

Referring to the drawing figures, Figs. 1a-1c illustrate conventional autopilots 10 for a missile 1 1 that are useful in 
understanding the improvements provided by the present invention. Fig. la shows a conventional tail controlled autopi- 
lot 10 that comprises a controller 12 tiiat controls the motion of tails 13 located aft of the center of gravity 16 of the mis- 

30 sile 1 1 . The relative motion (M) of the missile 1 1 about the center of gravity 16 due to forces (F) exerted by the body of 
the missile and tail 13 are also shown in Fig. la. Fig. lb shows a conventional wing controlled autopilot 10 that com- 
prises a controller 1 2 tiiat controls tiie motion of wings 1 3 located at tiie center of gravity 1 6 of the missile 1 1 . The forces 
(F) exerted by tiie wings 14 are also shown in Fig. lb. Rg. 1c shows a conventional canard controlled autopilot 10 that 
comprises a controller 1 2 that controls the motion of canards 1 4 located fonward of the center of gravity 1 6 of the missile 

35 1 1 . The relative motion (M) of the missile 1 1 about the center of gravity 16 due to forces (F) exerted by the body of the 
missile and canard 14. are also shown in Fig. 1c. 

Referring to Fig. 1d. it illustrates a first embodiment of a blended missile autopilot 20 in accordance with tiie princi- 
ples of the present invention. The missil e autopilot 20 comprises a controller 1 2. a plurality of rotatable tails 1 3 mounted 
aft of the center of gravity of the missile 1 1 . and a plurality of actuatable lateral force generating members 15 comprising 

40 a plurality of thrusters 1 5 mounted forward of the center of gravity 1 6 of the missile 1 1 . A plurality of controllable actua- 
tors 1 7 are coupled to the tails 13 and thrusters 15. The plurality of rotatable tails 13 and thrusters 15 are controlled by 
way of tiie actuators 17 using the controller 12. The controller 12 implements a predetermined transfer function to oper- 
ate the actuators 17 as will be described below. Thus, the present autopilot 20 comprises a tail controlled autopilot 21 
for controlling movement of the tails 1 3 in combination with the direct lift autopilot 22 for controlling the plurality of thrust- 

45 ers 15. 

Fig. 2 shows a detailed block diagram of a linearized closed loop transfer function for the blended missile autopilot 
20 of Fig. 1d. The tail-controlled autopilot 21 is enclosed in tiie dashed box shown in Fig. 2. and the direct lift autopilot 
and blending scheme in accordance witii the principles of the present invention is the balance of Fig. 2. The designs of 
the tail-controlled autopilot 21 . the direct lift autopilot 22, and the blending mechanism are discussed below. 
50 The tail-controlled autopilot 21 operates to turn the tails 13 of the missile 1 1 to create pitching moment on the body 
of the missile 1 1 , which generates missile angle-of-attack, resulting in lift. At the angle of attack where desired acceler- 
ation is achieved, the pitching moment generated by the tails 13 is equal and opposite to the pitching moment gener- 
ated by tiie body of the missile 1 1 , and the missile 1 1 is trimmed, 

The linearized closed loop transfer function of the tail-controlled autopilot 21 Is: 

55 
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25 



5 

where 

Ma= j '"^-""S^V ' 

■yy * m 

W 



= j . and N5 =— . 

•yy * m 

and s is the Laplace operator, Kg^ is a steady state gain correction term, a is angle-of-attack, 6 (=6j) is tail deflection 
15 angle, q is dynamic pressure. Srof is aerodynamic reference area, d is an aerodynamic reference length, m is the mass 
of the missile 11 . is velocity of the missile 1 1 . lyy is pitch moment of inertia, C^a >s moment derivative with respect 
to angle-of-attack. Cna is a normal force derivative with respect to angle-of-attack, Cmh is a moment derivative with 
respect to tail deflection, and Cn5 is a normal force derivative with respect to tail deflection. 

Gains Ka. Kb, and Ke are chosen to provide fast, well damped response. One suitable choice of closed loop poles 
20 (neglecting actuator effects) is: ' 

p ^ 2 o -.7 CD ±.7 fflj, and P3 = -.7 CO. 

Equating coefficients with the desired closed loop transfer function: 



2 

^ (1) 



Acmd s^ + 3(.7)q>s^+(cd^ +2(.7)^©^)s + .7©' 



30 

where z Is the z transform operator, and go is the bandwidth of the autopilot 21 . K^, K^, and Ke can be calculated: 

(.7)co^ 2co^ 3(.7)cq ^ 

^ 2a>^-M„-K,(M5N„-M„N5) 



40 



(.7)(o'-Ke(M5N„-M,Ne) 

45 

Zeroes of the dosed loop transfer function are not controlled. The bandwidth (co) of the autopilot 21 is set as large as 
stability allows. 

With reference to Figs. Id and 2. in the first embodiment of the present invention, the blended missile autopilot 20 
uses both tails 13 and thrusters 15 to generate force normal to the body of the missile 1 1 , and balance opposing pitch- 
50 ing moments, keeping the body of the missile 1 1 unrotated. The nornial force is generated as fast as actuators for the 
tails 13 and thrusters 15 allow, much faster than the body of the missile 11 can rotate and produce lift, yielding an 
extremely fast autopilot 20. The tail-controlled autopilot 21 is used to control disturt>ance torques, such as those gener- 
ated by wind gusts, or aerodynamic unbalances. 

Ktail is a proportionality constant between commanded thrust and the direct lift portion of the tail commands. Ktail 
55 is calculated to balance pitching moments due to tails 13 and thrusters 15. 

*^TAILM6=r-^ 
»yy 
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^ ° ^TAIL ^RCS 

d^cs is the normalized commaixied thrust The total direct lift acceleration Is: 

5 = V„ 6 + I dRcs = ( Vm^s Ktail + S ^ ^«cs 

where T is the nnaximum available side thrust and L is the thruster moment arm. The tail deflection command provided 
by the direct lift autopilot 22 is summed with the deflection command of the tail-controlled autopilot tail 21 at location "A" 

in Rg. 2. 

10 The blending mechanism used to transition from the direct lift autopilot 22 to the tall-controlled autopilot 21 is 
designed to take full advantage of the fast response of direct lift autopilot 22. The blending mechanism comprises the 
use of a blending filter 24 coupled between the direct lift autopilot 22 and the tail-controlled autopilot 21. Normal force 
generated by the tails 13 and thrusters 15 is replaced by lift generated by the body of the missile 1 1 as fast as the tail- 
controlled autopilot 21 allows resulting in a smooth step response. The blending filter 24 also allows graceful degrada- 

15 tion to the tail-controlled autopilot 21 when the commanded acceleration is greater than the tails 13 and thrusters 15 
can deliver. 

The autopilot blending mechanism implemented in the present invention is to command the direct lift autopilot 22 
to deliver precisely the commanded acceleration less what the tail controlled autopilot 21 delivers. This is accomplished 
in open loop fashion using the blending filter 24 illustrated in Fig. 2. The blending filter 24 is a very precise model of the 

20 response of the tail-controlled autopilot 21. Location "B" in Fig. 2 indicates where the estimate of the acceleration 
derived from the tail-controlled autopilot 21 is subtracted from the total acceleration command, leaving the net direct lift 
acceleration command. The blending filter 24 is a digital implementation of the desired closed loop response of the tail- 
controlled autopilot 21 given by Equation (1) above. Both poles and zeroes are modeled. 

An.important innovation of this design is the feedfonward of the direct lift acceleration command into the tail-control- 

25 led autopilot 21 shown at location "C" in Fig. 2. This causes the tail-conf died autopilot 21 to perform as if it is acting 
alone. Without feedfbnivard of the direct lift acceleration command, the blending filter 24 could not properly match the 
response of the tail controlled autopilot 21, and the overall response of the autopilot 20 would be degraded. 

Linear, single plane simulation results for tfie first embodiment of the present invention are shown in Figs. 3 and 4. 
Fig. 3 shows the step response for a conventional tall-controlled autopilot 10 shown in Fig. la. Aerodynamics and flight 

30 conditions used are typical of ground and air launched tactical missiles 11. Fig. 4 shows the step response for tiie 
blended direct lift, tail-controlled autopilot 21 of Rgs. Id and 2. Flight conditions are identical. Comparing the first graph 
in Rgs. 3 and 4. the benefits of direct lift are striking. The commanded acceleration is achieved in a fraction of the time 
required for tiie tail-controlled autopilot 10 of Fig. la. The fourth, fifth, and sixtii graphs indicate the contributions to total 
acceleration from tails 13. thrusters 15, and body of the missile 1 1. A smooth transition from tail/thruster lift to body lift 

35 is effected by tiie blending mechanism. The tiirust level returns to zero (tiiird graph) and tiie thrusters 15 are available 
for furtiier maneuvers. 

With reference to Rg. 5, in the second embodiment of tiie present invention is shown. The second embodiment is 
substantially tiie same as tiie first embodiment, but witii differences as are described below. More particularly. Fig. 5 
shows a blended direct lift, tail controlled autopilot 20 conresponding to the embodiment shown in Fig. 1 e. The second 
40 embodiment of the direct lift autopilot 2 1 uses tails 1 3 and canards 1 4 (actuatable lateral force generating members 1 4) 
to generate lift, and balance opposing pitching moments, keeping the body of the missile 1 1 unrotated. The lift from con- 
trol surfaces (tails 13 and canards 14) is generated as fast as tiieir actuators allow, yielding an extremely fast autopilot 
20. 

The equations for tiie basic transfer function for tiie second embodiment of tiie blended missile autopilot 20 is as 
45 presented above with reference to Rg. 2. However, in tiiis second embodiment. K^^^ is the proportionality constant 
between direct lift canard commands and the direct lift portion of tiie tail commands. Ktan is calculated to balance pitch- 
ing moments due to tails and canards. 

50 

The direct lift acceleration is: 
55 = (N5 6 + N,^6c) = (N5 K^^ 6c + N,^6c) 

where 
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^^c \ 

'yy 



and 6q is the canard deflection angle. 



is the moment derivative with respect to canard deflection, 



is the normal force derivative with respect to canard deflection, and Kq is the proportionality constant between direct lift 
acceleration and canard deflection: 



The direct lift portion of the tail deflection command is summed with the tail-controlled autopilot tail deflection command 
25 at location "A" in Fig. 5. 

The blending mechanism used to transition from the direct lift autopilot 22 to the tail-controlled autopilot 21 com- 
prises the blending filter 24 that is coupled between the direct lift autopilot 22 and the tail-controlled autopilot 21. Lift 
generated by the tails 13 and canards 14 is replaced by lift generated by the body of the missile 1 1 as fast as the tail- 
controlled autopilot 21 allows resulting in a smooth step response. The blending filter 24 also allows graceful degrada- 

30 tion to the tail-controlled autopilot 21 when commanded accelerations are greater than tail and canard lift can generate. 
. The implementation of autopilot blending is to command the direct lift autopilot 22 to precisely deliver the com- 
manded acceleration less what the tail-controlled autopilot 21 delivers. This is accomplished In open loop fashion using 
the blending filter 24 illustrated in Fig. 5. Location "B" in Fig. 5 indicates where the estimate of the acceleration derived 
from the tail-controlled autopilot 21 is subtracted from the total acceleration command leaving the net direct lift acceler- 

35 ation command. The blending filter 24 Is a digital Implementation of the desired closed loop autopilot response given by 
Equation (1). Both poles and zeroes are modeled. 

Feedfonward of the direct lift acceleration command into the tail-controlled autopilot 21 at location "C" in Fig. 5 
causes the tail-controlled autopilot 21 to perform as if it is acting alone. Without the feedfonvard, the blending filter 24 
could not properly match the tall controlled response, and the overall response of the autopilot 20 would be degraded. 

40 For the direct lift autopilot 22 to generate lift without pitching the missile 1 1 , the proportionality relationship, 

^T^^taii^c 

must be maintained tiiroughout the angular excursion of the tails 1 3 and canards 1 4. This means tiiat any angular posi- 
45 tion limits, either hardware constraints or aerodynamic effectiveness constraints, imposed on one set of control sur- 
faces, must be imposed on tiie other set. Assuming that the canards 14 reach tiieir limit first. 

so This limit applies to the direct lift portion of the tail command only Similarly, rate limits imposed on one set of control 
surfaces (tails 1 3 and canards 1 4) must be applied to the other set in proportion: 

55 Fig. 6 shows a block diagram of an actuator model employed in the controller 12 of the autopilot 20 of Fig. 5 illus- 
trating software position and rate limiters. 

Fig. 7 shows simulation results from a linear single plane simulation similar to those shown in Rgs. 3 and 4. Fig. 7 
shows a step response for tiie blended direct lift, tail-controlled autopilot 20 at flight conditions identical to those of Figs. 
3 and 4. Aerodynamics have been modified to Include canard effects. Comparing the first graphs of Figs. 3 and 7, tiie 
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benefits of direct lift are dear. The commanded. acceleration is achieved in a fraction of the time required for the tail- 
controlled configuration. The fourth, fifth, and sixth charts indicate the contribution to total acceleration from tails 13. 
canards 14, and body of the missile 1 1 . A smooth transition from tail/canard lift to body lift is effected by the blending 
filter 24. Canard angle deflections are returned to zero (third graph) and the canards 14 are available for further maneu- 
5 vers. 

Thus, new and improved blended missile autopilots comprising a direct lift missile autopilot to control canards or 
side thrusters and a tail-controlled autopilot to control tails have been disclosed, it is to be understood that the desaibed 
embodiments are merely illustrative of some of the many specific embodiments which represent applications of the 
principles of the present invention. Clearly, numerous and other arrangements can be readily devised by tfiose skilled 
10 in the art without departing from the scope of the invention. 

Claims 

1 . A blended missile autopilot (20) characterized by: 

15 

a missile (1 1) comprising a body, a plurality of rotatable tails (13) disposed on the body aft of its center of grav- 
ity, a plurality of actuatable lateral force generating members (14, 15} disposed on the body fonA^ of the 
center of gravity, and a plurality of controllable actuators (1 7) coupled to the tails (13) and lateral force gener- 
ating members (14, 15); and 

20 a controller (12) coupled to the plurality of actuators (1 7) for the tails (13) and lateral force generating members 

(14. 15) that implements a predetermined transfer function comprising a tall controlled autopilot (21) for con- 
trolling the tails (13) and a direct lift autopilot (22) for controlling the lateral force generating members (14, 15). 
and wherein the direct lift autopilot (22) is coupled to the tail controlled autopilot (21) by means of a blending 
filter (24). 



25 
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2. The modulator of Claim 1 wherein the predetermined transfer function is inplemented in accordance with the equa- 
tion: 



30 ^Bs^a^m 



AcMD s^ N„+M„Kb - K^V^N, S%(M„+(M,N„-M„N,)Ki,+KeM, ^(K ^^J ^^K q){M ^ - M„N,) 



where 



IZ ''^"^ mV, 



yy ■■••m 



M5 = j . and jfTw . 

•yy * m 



and s is the Laplace operator, Kgg is a steady state gain correction term, a is angle-of-attack, 6 (=67) is tail deflection 
angle, q is dynamic pressure. Srof is aerodynamic reference area, d is an aerodynamic reference length, m is the 
mass of the missile (1 1), V^^ is velocity of the missile (1 1). lyy is pitch moment of inertia, C^a is moment derivative 
45 with respect to angle-of-attack, Gp„ Is a normal force derivative with respect to angle-of-attack, Cj^^ is a moment 
derivative with respect to tail deflection, and Cn5 is a normal force derivative respect to tail deflection. 

3, A blended missile autopilot characterized by: 

so a missile (1 1) comprising a body, a plurality of rotatable tails (13) disposed on the body aft of its center of grav- 

ity, a plurality of thrusters (15) disposed on the body fon^^rd of the center of gravity, and a plurality of control- 
lable actuators (17) coupled to the tails and thrusters (15); and 

a controller (12) coupled to the plurality of actuators (1 7) for the tails (13) and thrusters that implements a pre- 
determined transfer function conprising a tail controlled autopilot (21) for controlling the plurality of tails (13) 
55 and a direct lift autopilot (22) for controlling the plurality of thrusters (1 5) and wherein the direct lift autopilot (22) 

is coupled to the tail controlled autopilot (21) by means of a blending filter (24). 

4. The modulator of Claim 3 wherein the predetermined transfer function is implemented in accordance with the equa- 
tion: 
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where 

Ma = j . N« =-SvV ' 

^6= — j •^'^B="srv — • 

lyy * m 

and s is the Laplace operator, K^s is a steady state gain correction term, a is angle-of-attack, 5 (=5j) is tail 
15 deflection angle, q is dynamic pressure. Sref is aerodynamic reference area, d is an aerodynamic reference length, 
m is the mass of the missile (1 1). is velodty of the missile (1 1). lyy is pitch moment of Inertia, C^a is moment 
derivative with respect to angle-of-attack, Cna is a normal force derivative with respect to angle-of-attack. Cms is a 
moment derivative with respect to tail deflection, and Cna ^ normal force derivative with respect to tail deflection. 

20 5. A blended missile autopilot characterized by: 

a missile (11) comprising a body, a plurality of rotatable tails (13) disposed on the body aft of its'center of grav- 
ity, a plurality of canards (14) disposed on the body fonward of the center of gravity, and a plurality of controlla- 
ble actuators (1 7) coupled to the tails and canards; and 
25 a controller (12) coupled to the plurality of actuators (17) for the tails (13) and canards (14) that implements a 

predetermined transfer function comprising a tail controlled autopilot (21) for controlling the plurality of tails (13) 
and a direct lift autopilot (22) for controlling the plurality of canards (1 4) and wherein the direct lift autopilot (22) 
is coupled to the tail controlled autopilot (21) by means of a blending filter (24). 

30 6. The modulator of Claim 5 wherein the predetermined transfer function is implemented in accordance with the equa- 
tion: 



AcMD B^N„+M„Kb-K^V^N,s%(M„+(M5N,.M„N^Kb+KeM,s+(K^V^+Ke)(M6N„^ 
where 

40 fJ^ Q^ref ^ ^ma ^ Q ^ ret ^ na 

I '"^a- 

' yy ^ m 



M 5 = j . and N 5 = 

lyy * m 



and s is the Laplace operator, is a steady state gain correction term, a is angle-of-attack, 5 (=6j) is tail 
deflection angle, q is dynamic pressure, Sref is aerodynamic reference area, d is an aerodynamic reference length, 
m is the mass of the missile (1 1), Vm is velocity of the missile (11), lyy is pitch moment of inertia, Cma is moment 
derivative with respect to angle-of-attack, C^a is a normal force derivative with respect to angle-of-attack, Cm5 is a 
50 moment derivative with respect to tail deflection, and Cps is a normal force derivative with respect to tail deflection. 



55 



8 



EP0747655A2 



BODY 
i M 



TAIL 



Fig. 1a 




BODY 



TAIL 




1b 



Fig. 1c 



BODY 
* M 



CANARD 



CANARD 




BODY 



TAIL 



M 




THRUSTER THRUSTER 
16 




12 \ ^ 15 ^ 17 11 



Fig. Id 



M 



T0 17 "tail 



CANARD 




Fig. 1e 



16 ^ 

T0 17 M ^"^^ 

TAIL 



9 




10 



EP0747 655A2 




11 



EP0747 655A2 




12 




13 



EP0747 655A2 



LU 
< CO 

< 



CO 



• CO 2 



to 



O 

CO 



Q 
LU 
CO 

O 

QL 



CO 





14 



EP0 747 655A2 




15 



